Potent and selective inhibitors of inducible nitric oxide synthase (iNOS) (EC 1.14.13.39) were identified in an encoded combinatorial chemical library that blocked human iNOS dimerization, and thereby NO production. In a cell-based iNOS assay (A-172 astrocytoma cells) the inhibitors had low-nanomolar IC 50 values and thus were >1,000-fold more potent than the substrate-based direct iNOS inhibitors 1400W and N-methyl-L-arginine. Biochemical studies confirmed that inhibitors caused accumulation of iNOS monomers in mouse macrophage RAW 264.7 cells. High affinity (Kd Ϸ 3 nM) of inhibitors for isolated iNOS monomers was confirmed by using a radioligand binding assay. Inhibitors were >1,000-fold selective for iNOS versus endothelial NOS dimerization in a cellbased assay. The crystal structure of inhibitor bound to the monomeric iNOS oxygenase domain revealed inhibitor-heme coordination and substantial perturbation of the substrate binding site and the dimerization interface, indicating that this small molecule acts by allosterically disrupting protein-protein interactions at the dimer interface. These results provide a mechanism-based approach to highly selective iNOS inhibition. Inhibitors were active in vivo, with ED 50 values of <2 mg͞kg in a rat model of endotoxininduced systemic iNOS induction. Thus, this class of dimerization inhibitors has broad therapeutic potential in iNOS-mediated pathologies.
T
he mammalian nitric ox ide synthase (NOS) (EC 1.14.13.39) enzyme family comprises three isoforms: inducible (iNOS), neuronal, and endothelial NOS. NOS isoforms are homodimers that catalyze NADPH-dependent oxidation of L-arginine to NO⅐ and citrulline (1) (2) (3) . NOS monomers consist of an oxidoreductase domain and an oxygenase domain. The reductase domain is homologous to cytochrome P450 reductase and contains binding sites for NADPH, FAD, and FMN (4, 5) . The oxygenase domain has binding sites for L-arginine, the heme prosthetic group, and tetrahydrobiopterin (H 4 B). Formation of stable NOS homodimers requires structural elements in the oxygenase domain and is an H 4 B-, substrate-, and heme-dependent process (6 -8) . Dimerization of NOS is required for fully coupled enzyme activity because the f low of electrons during catalysis occurs in trans from the reductase domain of one monomer subunit to the oxygenase domain of the other monomer (9) . The crystal structures of oxygenase domains of murine iNOS monomer (10) , murine and human iNOS dimer (11) (12) (13) , and human and bovine endothelial NOS dimer (13, 14) indicate a high degree of structural similarity within the critical catalytic center and dimer interface regions between NOS isoforms.
NO⅐ plays a pivotal role in the physiology and pathophysiology of the central nervous, cardiovascular, and immune systems (15) (16) (17) . The reactivity of NO⅐ toward molecular oxygen, thiols, transition metal centers, and other biological targets enables NO⅐ to function both as a rapidly reversible, specific, and local signal transduction molecule as well as a nonspecific mediator of tissue damage (18) (19) (20) . iNOS is implicated in the pathogenesis of inflammatory and autoimmune diseases including septic shock, hemorrhagic shock, rheumatoid arthritis, osteoarthritis, inflammatory bowel disease, and multiple sclerosis (21) (22) (23) (24) , and neuronal NOS is implicated in the pathogenesis of cerebral stroke and Parkinson's disease (25) (26) . Inhibition of endothelial NOS, however, is undesirable because of its role in the maintenance of vascular homeostasis (15) (16) . In this report, we describe the discovery of a class of potent and selective inhibitors of iNOS activity that function by inhibiting the dimerization of iNOS monomers. A crystal structure of inhibitor bound to murine iNOS oxygenase monomer provides insights into the process of iNOS dimerization.
Materials and Methods
Chemistry. An encoded chemical library (ECLiPS method) based on a pyrimidineimidazole core was prepared on polyethylene glycol-grafted polystyrene support in three combinatorial steps according to the scheme shown in Fig. 1A (27) . Compounds were attached to resin by a photolabile o-nitrobenzyl amide linker. The first synthetic step introduced 31 primary amines. After a pool and split step, the amines were acylated with 31 fluorenylmethoxycarbonyl (Fmoc)-protected amino acids. A second pool and split step was performed, followed by Fmoc deprotection and subsequent heteroarylation of the resulting free amines by electrophilic substitution with a set of nine substituted pyrimidines. The completed library comprised 8,649 compounds, representing the product of the number of synthetic reagents used at each step (31 ϫ 31 ϫ 9). The identity of the library compound synthesized on each bead of the polymeric support was encoded by using polyhalogenated phenyl ethers attached via oxidatively cleavable linkers. By keeping the pools of beads separate after the final synthetic step, screening could focus on compounds from the active sublibraries identified in the initial survey screening. Approximately 200 pmol of compound could be photoeluted from each bead as determined by HPLC analysis and comparison to analytical compound standards.
Compounds were resynthesized in solution phase by using methods similar to those used for library synthesis for biological Abbreviations: H4B, tetrahydrobiopterin; LPS, lipopolysaccharide; NOS, nitric-oxide synthase; iNOS, inducible NOS; Fmoc, fluorenylmethoxycarbonyl. (Fig. 1C) . The identity of resynthesized compounds was confirmed by MS and NMR spectroscopy, and the compound purity was determined to be Ͼ98% by HPLC.
NOS Assays. The cell-based iNOS assay was done with A-172 human glioblastoma (American Type Culture Collection) cells, which were cultured in DMEM supplemented with 10% FBS. Cells were plated into 96-well tissue culture plates at 100,000 cells per well. After 24 hr, iNOS was induced by the addition of 400 units͞ml human IFN-␥, 4 ng͞ml of human IL-1␤, and 40 ng͞ml of human tumor necrosis factor-␣ (cytokines from Boehringer Mannheim). Inhibitors were added at the time of cytokine induction; reference inhibitors were N-methyl-L-arginine (Sigma) and 1400-W (Alexis Biochemicals). NO⅐ production was measured 22 hr after induction by mixing 0.125 ml of culture medium with an equal volume of Griess reagent as described (28) . No detectable NO⅐ was produced by cells in the absence of cytokines.
For NOS isoform selectivity assays, BSC-1 African green monkey kidney epithelial cells (American Type Culture Collection) were maintained in DMEM containing 10% FBS. Cells were plated into 96-well tissue culture plates at 30,000 cells per well. After 6 hr, recombinant vaccinia virus strains encoding human inducible, endothelial, and neuronal NOS isoforms were added, along with 2 or vehicle. After 17 hr, medium was aspirated, and 20 l of 40 mM Tris, pH 7.5 containing 0.1% NP-40, 5 mg͞ml aprotinin, 1 g͞ml leupeptin, 1 g͞ml pepstatin, and 24 g͞ml of Pefabloc SC was added; the plates then were frozen at Ϫ80°C. NOS activity in cell lysates was determined by measuring the conversion of arginine into citrulline (29) . The assay mixture contained 40 mM Tris (pH 7. Analysis of Cytoplasmic Monomers and Dimers. The intracellular ratio of iNOS monomers to dimers was determined with the following modifications to a previously published method (30) . Cell lysates were prepared from 10 liters of RAW264.7 cells after cytokine induction. Ten milliliters of lysate was chromatographed on a 26 mm ϫ 60 cm Superdex 200 column (Amersham Pharmacia) in 40 mM Bistris propane (pH 7.8), 10% glycerol, 4 M FAD, 4 M H 4 B, and 1 mM DTT. Fractions (3 ml) were collected and analyzed both for iNOS activity as described above, and for cytochrome c reductase activity as described (31) except that the reaction mixture also contained 6 units͞ml superoxide dismutase but not EDTA or albumin.
Binding of Inhibitors to iNOS Monomers. iNOS monomers were purified from 6 ϫ 10 8 HeLa cells after infection with a vaccinia virus expression vector encoding full-length human iNOS (with an N-terminal six-histidine tag). Cells were grown in the absence of hemin chloride for 17 hr after infection with the virus (the multiplicity of infection was 5). The cells were resuspended in 200 ml of 40 mM Tris⅐HCl pH 8.0, 0.2 M NaCl, 10% glycerol, 4 M FAD, 0.2% NP-40, 1 g͞ml pepstatin, 1 g͞ml leupeptin, 5 g͞ml aprotinin, 24 g͞ml Pefabloc SC. After incubation on ice for 30 min, the sample was centrifuged to remove insoluble material. The extract was diluted 1:2 in column buffer (40 mM BisTris propane, pH 7.8͞10% glycerol) and added to 14 ml of Ni-nitrilotriacetic acid resin (Qiagen, Chatsworth, CA), which had been preequilibrated in column buffer. After 1.5 hr at 4°C, the resin was packed into a 1.5 ϫ 100 cm column, washed with 0.3 M NaCl and 20 mM imidazole in column buffer, and eluted with 0.3 M NaCl and 300 mM imidazole in column buffer. The A 280 peak was pooled, concentrated to 10 ml, and immediately chromatographed at 3 ml͞min on a 2.6 ϫ 60 cm Superdex 200 column in column buffer containing 4 M FAD, 4 M H 4 B, and 1 mM DTT. The monomeric fraction was recovered and stored at Ϫ80°C. Reanalysis of this protein by gel filtration indicated that 80% of the protein ran as a monomeric species.
To assess binding of compounds to iNOS monomers, compound 3 was tritium-labeled (104 Ci͞mol). Binding reactions contained 0.2 nM 3, various amounts of unlabeled 3 or 2, and 4.6 nM iNOS monomer in 1 ml of binding buffer (40 mM Bistris propane, pH 7.8͞4 M FAD͞4 M FMN͞4 M H 4 B͞5 mM reduced glutathione). After 60 min at 37°C the protein was collected by vacuum filtration onto poly(vinylidene difluoride) membranes in a 96-well filter plate. The membranes were washed three times with 300 l of binding buffer, and radioactivity was measured by using a 32) . Six hours after the LPS challenge, plasma samples were collected and analyzed for nitrate͞nitrite (NO x ) levels using the Griess assay (28, 32) . One hour after LPS challenge, rats received either vehicle (HCl-acidified water) or compound 2; animals were cared for in accordance with institutional guidelines.
Crystallography. Murine iNOS ⌬114 monomers were expressed from an E. coli expression vector encoding the murine iNOS oxygenase domain lacking the N-terminal 114 residues and with the addition of a six-histidine tag and stop codon after residue 498 and purified as described (10) . Orthorhombic crystals of monomeric ⌬114 murine iNOS were prepared in the presence of imidazole following the procedures of Crane et al. (10) . These crystals were soaked for 50 hr in 5 M compound 2, 14% PEG-3350, 1 M NaN 3 , 50 M Mes (pH 6.5), and 50 M Na 2 SO 3 . The crystals then were rinsed in 33% ethylene glycol, 9.3% PEG-3350, 0.7 M NaN 3 , 33 M Mes (pH 6.5), and 33 M Na 2 SO 3 , and flash-frozen in liquid nitrogen. The x-ray diffraction data was collected to 2.25 Å at Stanford Synchrotron Radiation Source beamline 7-1, and refined to an R factor of 0.197 and an R free of 0.284 (Protein Data Bank Deposit 1DD7). The model contains residues 114-265, 270-325, 335-368, 413-445, 478-497, heme, compound 2, a sulfite ion. and 214 water molecules.
Results and Discussion
An encoded combinatorial chemical library expected to contain NOS inhibitors was designed based on a pyrimidineimidazole core as described in Fig. 1 A (27) . This template was selected because a structurally related series of compounds, phenylimidazoles, are known to bind heme and inhibit NOS activity, with selectivity toward iNOS (33, 34) . In addition, substituted pyrimidineimidazoles are readily accessible via the stepwise nucleophilic displacement of halogen from activated halopyrimidines.
In a screen against partially purified recombinant human iNOS, none of the library compounds exhibited any appreciable direct inhibition of iNOS enzyme activity at Ͻ2 M. However, inhibitors of NO⅐ production by cytokine-stimulated human A-172 cells were identified by screening 20 compounds per well at a predicted concentration of 1 M for each compound. Potent inhibition (Ͼ90%) was observed in the two sublibraries with a 2-(1-imidazolyl)pyrimidine moiety and weaker inhibition in a sublibrary with a 4-(1-imidazolyl)pyrimidine moiety. The three active sublibraries were extensively (Ϸ98% coverage) screened at 200 nM of each compound. Fifty-three different active inhibitors (Ͼ60% inhibition) were identified, constituting 0.6% of the library.
The distribution frequency of active synthons at substituents R 1 , R 2 , and R 3 is shown in Fig. 1B . In addition to preference for 2-(1-imidazolyl)pyrimidine at R 3 , preference for specific synthons at R 1 and R 2 was evident. R 1 synthons were limited to 4-and 3,4-substituted arylalkyl groups, particularly 3,4-dimethoxyphenethyl (synthon-5) and 1,3-benzodioxolane-5-methyl (synthon-16). R 2 synthons were more restricted, with piperazine-2-acetic acid (synthon-31) found on 46% of active beads. Other active R 2 synthons included D-thienylalanine (synthon-8), Dmethionine (synthon-10), and sarcosine (synthon-24). Compound 1 (Fig. 1C) was composed of the synthons most commonly found in library actives and was one of the most potent (IC 50 ϭ 1.1 nM) of 23 inhibitors resynthesized for IC 50 determinations.
Because 1 did not inhibit purified iNOS enzyme activity, its mechanism of action was examined further in cell culture systems. Reverse transcriptase-PCR and Western blot analyses indicated 1 had minimal effects on iNOS mRNA and protein expression in A-172 cells (data not shown), suggesting a posttranslational mode of action. This was supported by the observation that the IC 50 of 1 increased dramatically with time of addition after cytokine stimulation with an estimated t 1͞2 of Ϸ8 hr. We thus hypothesized that 1 was an inhibitor of iNOS dimerization. Further characterization of these inhibitors focused on 2, which lacked the potentially reactive chlorine substituent found in 1.
To substantiate the hypothesis that these compounds inhibited dimerization, the effect of 2 on iNOS dimerization in RAW 264.7 cells was examined. This murine macrophage cell line was chosen because LPS and IFN-␥ treatment results in expression of a mixture of iNOS monomers and dimers (30) . Preliminary experiments using low-temperature SDS͞PAGE to separate monomers and dimers (35) indicated that a concentrationdependent increase in the amount of iNOS monomer occurred when the cells were treated with inhibitors (data not shown). Fig.  2 A and B shows size exclusion chromatographs of extracts from RAW 264.7 cells induced with LPS and IFN-␥. As expected, when cells were grown in the absence of inhibitor, the iNOS cytochrome c reductase activity was in two peaks corresponding to iNOS monomer and dimer, whereas iNOS activity, measured by citrulline formation, was associated only with the dimer peak. Treatment of cells with 2 (10 M) during cytokine induction ablated iNOS dimer-dependent generation of citrulline, and the shift of cytochrome c reductase activity to a single monomer peak confirmed intracellular iNOS monomer accumulation.
The interaction of 2 with iNOS was characterized in both cell-based and cell-free assays. Compound 2 inhibited NO⅐ production by cytokine-stimulated human glioblastoma A-172 cells with an IC 50 of 0.6 nM (SD ϭ 0.5, n ϭ 17). In contrast, Ͼ1,000-fold higher concentrations of N-methyl-L-arginine and the inhibitor 1400-W (36) were required to cause similar inhibition of the iNOS activity in these cells. To directly measure the affinities of these inhibitors for human iNOS monomers, the K d of the radiolabeled compound 3 was determined and found to be 2.5 nM. Scatchard plots were linear, indicating a single class of binding sites and no evidence of homotropic cooperativity (data not shown). Binding of 3 to iNOS monomer also was blocked by imidazole (K i ϭ 39 M), consistent with an interaction with heme. Indeed, binding of 3 was substoichiometric with iNOS monomer, but well correlated to the amount of heme-containing monomer in the preparation. As shown in Fig. 3 , binding of 3 could be blocked with 2, which had a K i of 2.2 nM.
The selectivity of 2 for inhibiting iNOS versus inhibition of neuronal NOS and endothelial NOS dimerization was evaluated by measuring the formation of active dimeric enzymes in BSC-1 cells. The cells were treated with 2 and infected by recombinant vaccinia virus vectors that expressed the three human NOS isoforms. Compound 2 was added at the time of viral infection. Aliquots of the crude cell lysate were assayed for NOS activity by measuring the conversion of arginine into citrulline. Compound 2 potently inhibited human iNOS (IC 50 ϭ 28 nM, SD ϭ 7, n ϭ 14), but was about 5-fold less potent against neuronal NOS (IC 50 ϭ 140 nM, SD ϭ 55, n ϭ 17) and 1,000-fold less potent against endothelial NOS (IC 50 ϭ 32 M, SD ϭ 15, n ϭ 13). The synthesis of analogs of compounds contained in the combinatorial library resulted in an improvement in the selectivity of the inhibitor series versus neuronal NOS to Ͼ100-fold. The whole series of inhibitors was essentially inactive against dimeric iNOS, neuronal NOS, and endothelial NOS (IC 50 values Ͼ50 M) in enzyme activity assays.
Compound 2 also effectively suppressed NO⅐ production in vivo. Elevations in plasma NO x levels have been used as an index of systemic iNOS induction (32, 37) . Fig. 4 shows that i.p. injection of rats with 2 1 hr after the systemic induction of iNOS by LPS led to dose-dependent inhibition of elevated plasma NO x levels (ED 50 ϭ 1.2 mg͞kg) measured 6 hr after LPS administration.
The crystal structure of an inhibitor-iNOS complex was determined to understand the binding of these inhibitors to iNOS and gain insight into the mechanism of iNOS dimerization. Compound 2 was soaked into crystals of the monomeric oxygenase domain of murine iNOS (iNOS ⌬114), and the crystal structure of the resulting complex was solved. This revealed that the free imidazole nitrogen of 2 coordinates directly to the heme in the sixth axial position, and that the imidazole, pyrimidine, and part of the piperazine ring are nearly coplanar (Fig. 5) . The piperazine ring is in a chair conformation, and the chiral center at the 2-position has an S configuration. Both rotamers of the methyl carbamate in 2 were present in the structure (one is shown). The benzodioxolane moiety fits snugly between residues in the iNOS monomer active site and the inhibitor pyrimidine ring making numerous Van der Waals contacts, which result in the inhibitor adopting a U-shaped conformation. The amide NH of 2 is hydrogen-bonded to one of the heme propionates, and its carbonyl is hydrogen-bonded to two water molecules, which are hydrogen-bonded to Gln-257 and Tyr-367. The methyl carbamate, the carbonyl of the amide bond, and the unsubstituted side of the piperazine are solvent exposed.
In the 2-iNOS ⌬114 complex, 2 occupies part of the L-arginine binding site, and residues that normally form part of the site are disordered (Fig. 6) . The side chain of Glu-371 in helix 7a hydrogen bonds to L-arginine in the iNOS dimer (11) and imidazole in the monomer (10) . However, in the 2-iNOS ⌬114 complex the residues in helix 7a are disordered, possibly because 2 displaces Glu-371 from the active site. Alternatively, Glu-371 hydrogen bonding to L-arginine may be required for correct folding of the dimer. The disruption of helix 7a may indirectly disturb the dimer interface because, in the iNOS dimer, helix 7a is packed against helix 8 and residues 460-462. Helix 8 is partially disordered in the 2-iNOS ⌬114 structure and is part of the dimer interface. Residues 460-462 make up part of the H 4 B binding site and part of the dimer interface. The difference between the helix 9 location in the dimer and the 2-iNOS ⌬114 structure (Fig.  6) is not thought to be involved in the inhibition of dimerization The monomers of the iNOS dimer structure (11) are shown in dark and light blue. The 2-iNOS ⌬ 114 structure (tan) has been aligned with a monomer (light blue) of the dimer structure; the hemes are shown in dark red. The iNOS ⌬ 114 heme and the dimer heme align very closely (for clarity only the iNOS ⌬ 114 heme is shown). Compound 2 (dark gray) displaces helix 7a (red) side chains from the arginine-binding site in the 2-iNOS ⌬ 114 structure, e.g., Glu-371 (red). The region from the beginning of helix 7a to the middle half of helix 8 is disordered in 2-iNOS ⌬ 114 structure.
because the difference also was observed when comparing the imidazole-iNOS monomer and iNOS dimer structures (11) . Thus, in occupying the iNOS active site, 2 appears to allosterically prevent appropriate protein-protein interactions between monomers. A similar perturbation of the dimer interface may be the mechanism by which micromolar concentrations of antifungal imidazoles inhibit dimerization (38) . The precise mode of binding with iNOS monomer and the NOS isoform selectivity is not known for these antifungal imidazoles.
In summary, we have described a class of potent iNOS inhibitors, with high iNOS versus endothelial NOS selectivity, that inhibit iNOS dimerization. The compounds have exceptional potency in cell-based assays, indicating superior cell permeability compared with other iNOS inhibitors such as N-methyl-L-arginine and 1400W. The crystal structure of the monomer-inhibitor complex shows that the inhibitors ligate heme and occupy the active site in the iNOS monomer in such a way as to grossly perturb key structural elements in the iNOS monomer that are critical for stable dimer formation. From a pharmaceutical discovery perspective, we have shown that highthroughput encoded combinatorial chemistry methods can be applied to the discovery of potent, selective, cell-permeable iNOS inhibitors that are active in vivo and potentially of broad therapeutic utility.
